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1.0 INTRODUCTION
This Annual Scientific Report summarizes research accomplished during

' the second year (January 83 to January 84) of AFOSR Grant No. AFOSR-82-
0041A. The objective of this effort is to determine the manner in which
"small” fatigue cracks initiate at notches, extend by cyclic loading,

o interact with adjacent flaws, and coalesce into a single dominant crack
which controls final fracture. The desired product is a predictive
schere capable of analyzing the early stages of fatigue crack growth

- which are characterized by the growth and link-up of small cracks.
Rescarch toward this goal is directed at the following tasks.

* I. Crack Growth Predictive Algorithm. A computer program is being

developed to predict the growth and coalescence of multiple
cracks located at notches.

e 11. Crack Interaction Analysis. Stress intensity factors solutions

are computed for multiple cracks located at an open hole. These

solutions are required for the multiple crack growth algorithm.

I11. Crack Coalescence Experiments. Fatigue tests are being conducted

with mitiply cracked specimens to provide a data base to evaluate
the predictive model. Initially the model will be verified with
"large crack” results directed toward coalescence aspects of the
problem. Subsequent experiments will focus on coalescence of

"small" cracks.
IV. Characterization of Small Cracks. This phase of the effort is
directed toward the growth and coalescence of physically small

i cracks. These data will be used to characterize the growth of




"small" flaws, which are expected to behave differently than

“large” cracks.

Additional details of these goals and progress to date are described in

the remaining sections of this report.




2.0 SUMMARY OF PROGRESS AND ACCOMPLISHMENTS

2.1 Task | Progress - Crack Growth Algorithm
A computer program has been written to analyze the multiple crack

configurations shown in Fig. 1. Various combinations of surface and/or

corner flaws are assumed located along the bore of a circular hole. It

is assumed that linear elastic fracture mechanics are valid and that
crack growth rates are controlled by the stress intensity factor K.
Stress intensity factors are estimated at the major and minor crack
axes (locations 1 to 6 in Fig. 1) by modifying the solutions for single
cracks in a large body [1] with an interaction factor [2] developed here
for coalescing cracks. (The interaction solution is discussed in the
Task 11 progress section). The crack tips are allowed to grow indepen-
dently at their major and minor axes without specifying crack shape
. changes. The multi-degree of freedom program predicts the growth of
the separate initial cracks and their coalescence into single surface
corner, or through-the-thickness flaws as shown in Fig. 2. Sample
l! predictions and comparisons with test data are described in the Task

111 progress section.

2.2 Task 11 Progress - Crack Interaction Analysis

. A key element of the overall predictive scheme is determining the
| interaction between adjacent cracks prior to their actual coalescence.
The presence of a nearby flaw, for example, causes in increased crack
growth rate as the two cracks approach each other. Although a few
authors have studied the magnification in stress intensity factors
due to coalescing cracks [3-6], solutions were not available for

multiple cracks at notches. Thus, one phase of the current effort is
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directed toward obtaining stress intensity factor solutions for coalesc-

ing cracks at fastener holes, a geometry which is also studied experi- [ -
mentally in the current program.

The three-dimensional finite element-altering method [7-9] was

used to compute stress intensity factors for symmetric corner cracks
! located at opposite sides of a plate containing a hole loaded in remote H__'_’.-._
tension. Although the analysis was limited to symmetric corner cracks, :3_;3‘.
several flaw shapes and sizes were considered. By comparing the double »---

crack results with corresponding solutions for single cracks, it was

e

possible to determine the effect of the second crack on the stress

. intensity factor as the two flaws grow toward each other and eventually

y—

touch.

— o

Additional details of the crack interaction analysis are given in

. Refs. 2 and 10. Those results have been described by a crack inter- it

action factor which has been incorporated in the computer program

described in Task 1 to account for crack coalescence in the overall
' prediction scheme. Experimental verification of the crack coalescence

predictions are described in the following section.

2.3 Task 111 Progress - Crack Coalescence Experimental Evaluation

~ This phase of the effort is aimed at evaluating the numerical
scheme described in Task 1 for predicting the initial growth and
coalescence of multiple cracks located at notches. In order to
separate crack coalescence aspects from "small crack" phenomena, the
initial work involved experiments with coalescence of relatively
"large" cracks. Current work with the small crack problem is described

separately in the Task 1V section.




As sunsnarized in References 11 and 12, verification of the predic-

tive crack growth model has included conparison with several sets of
experimental data. Both single cracks at holes and multiple coalescing
flaws have been studied. The multiple crack configurations include
coalescing cracks at open holes in polymethylmethacylate (PM4A) plates
(transparent polymer specimens which allow direct observation of the
crack plane), PMMA bend specimens, and metal edge notch specimens.

Excellent results [11,12] have been obtained for large corner
cracks which coalesce along the bore of an open hole in a PMMA tension
specimen (figure lc configuration) and for small surface cracks which
occur along a semicircular edge notch in metal specimens. The PMMA
hole crack data were gencrated during the present program [13]), while
the metal data were obtained from another investigation [14].

The retal results described in an earlier progress report [12]
were obtained by Dr. A. Thakker with Waspalloy specimens shown in
Figure 3. Additional test results have been obtained by Thakker for
titanium specimens (T1-6-2-4-6), and crack growth predictions were
performed here. Typical predictions for the titanium small crack
coalescence tests are given in Figures 4-7, while Fig. 8 summarizes
predicted and test lives for the titanium and Waspalloy experiments.
The tests were conducted with the edge notched specimen geometry shown
in Figure 3. Crack lengths were measured from fracture surface
markings made by heat tinting techniques. (The specimens were
periodically heated to oxidize the crack surfaces). Note that the
predictive model generally gives an excellent estimate for total

specimen life.




2.4 Task IV Progress - Characterization of Small Cracks

It is commonly known that physically small cracks may grow faster
than larger flaws subjected to similar stress intensity factor levels.
The assumptions regarding continuum behavior and linear elastic material
response lose validity as crack lengths become increasingly small. The
problem is further complicated by the presence of adjacent flaws which
often initiate simultaneously and which interact prior to the coalescence
process. The preceeding sections have described tasks directed toward
the coalescence problem. This prior work has concentrated on relatively
large flaws in order to separate small crack behavior from coalescence
phenomena. This section briefly outlines work aimed at the “small crack
problem.”

A series of fatigue tests have been conducted with V-notched PMMA
bend spe. mens. MNatural fatigue cracks were allowed to develop along
the V-notch and to coalesce into a single flaw. Time lapse photography
was used to record and measure the individual and coalescing flaws.

Flaw sizes (and shapes) less than 0.005 inches are routinely observed
and measured. Typical results are given in References 12 and 13.

In a few tests, the mtiple cracks quickly joined to form short
through-the-thickness flaws. Stress intensity factors have been
estimated for these small cracks, and crack growth rates are compared
with baseline data for larger through-cracked specimens in Fig. 9.

These preliminary results indicate that small cracks grow faster than
large flaws (at similar 5K levels), as typically observed in structural
metals.

Analysis of these tests is complicated by the stress field present

at the sharp V-notch. Additional analysis of the notch specimen are




being conducted to verify the small crack behavior shown in Fig. 9, and

to allow predictions for the growth and coalescence of multiple surface
cracks at notches. It is recognized that this goal could be complicated
by nonlinear plastic zone effects which may 1imit the LEFM approach for

Jhe small crack tests,




3.0 PLANNED RESEARCH

This section briefly sumnarizes research planned for the remainder
of the proposed effort. For convenience, discussion is organized around

the four tasks described in the previous sections.

H! 3.1 Task I Plans - Crack Growth Algorithm

The current crack growth model predicts growth and coalescence of
multiple cracks located at circular holes. Linear elastic fracture
- mechanics are assumed to be valid as stress intensity factors are
used to compute crack growth rates.
The multi-degree of freedom predictive program has been written
in & rodular manner, so that modifications may be made as required.
It is expected that new stress intensity factor solutions will be

added to analy:c alternate specimen geometries (e.g. surface cracked

L bend and semi-circular notched bend specimens). In addition, should
subsequent work indicate that LEFM does not apply to the small crack
tests, an alternate crack growth parameter (to AK) may be incorporated j
. in the predictive scheme. Current literature on nonlinear crack growth R

(e.g. Ref. 15) will be studied as appropriate. 1?3

1

3.2 Task Il Plans - Crack Interaction Analysis R
Currently, the Newnan/Raju [1] stress intensity factor solutions ‘3

for cracked holes, modified with a crack interaction factor [2] to )

account for multiple cracks, form the basis for the original stress pe

intensity factor solutions. Although these stress intensity factor

solutions were derived for cracked holes in large plates, they have

been successfully modified with a "correction factor” [11] and applied .

..............
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to semicircular notches loaded in remote tension (as required for the

crack growth predictions shown in Figs. 4-7).

It will be necessary to estimate stress intensity solutions for
the other specimen geometries employed in the experimental effort. These
other specimen types include the semicircular edge notch, V-notch, and
keyhole specimens shown in Fig. 10. In addition, a surface cracked bend
specimen is also being investigated. All of these specimens are 1oaded
in four-point bending in a manner which provides direct observation of
the crack plane. Although these specimens are readily suited for the
experimental work, K solutions are not available for the notched geo-
metries, although Newman and Raju provide results for the surface crack
loaded in bending [17]. Stress intensity factors will be estimated for
the notched specimens either by the "correction factor" approach success-
fully employed for the semicircular edge notch tension specimen [11] or
by employing the "crack face pressure” stress intensity solutions given
in Reference 16. The semicircular notch bend specimen may be examfined
in more detai) with the finite element alternating method employed in
Reference 2. The goal here is to obtain reasonable stress intensity
factor estimates for the experimental effort, and not to conduct an
in-depth stress intensity factor analysis program for various crack
configurations.

Currently the interaction factors developed for symmetric corner
cracks at holes [2,10] are used to predict the increased growth rates
as two cracks approach each other. The present analysis assumes the
cracks are symmetric, located at open holes, and 1ie in the same
plane. The results have worked well for cracked holes and semicircular

notches loaded in tension. As experimental results are obtained for




10

nonsymmetric and slightly out-of-plane flaws, it may be necessary to
modify the interaction solutions. Again, potential modifications will
be “engineering type" estimates, since a rigorous three-dimensional
analysis of nonsymmetric, out-of-plane cracks is beyond the scope of

the present investigation.

3.3 Task 111 Plans - Crack Coalescence Experimental Evaluation

The goal here is to further evaluate the multiple crack growth and
coalescence scheme through comparison with additional experimental data.
To date, successful predictions have been obtained for symmetric
coalescing corner cracks at holes in PMMA plates [11,12], and for small
surface flaws at semicircular edge notches in Waspalloy [12] and
titanium tension specimens (Figs. 3-8). In addition, experimental
results [13] have been obtained for coalescing flaws in PMMA bend
specimens (both the semicircular and V-notched configurations shown
in Fig. 10). As mentioned in Section 3.2, efforts are underway to
estimate stress intensity factors for these two notched bend specimens.
When completed, those solutions will be incorporated in the life
prediction program and predictions made for these PMMA test results.

To expand the evaluation to a larger data base, tests are being
conducted with polycarbonate specimens. Polycarbonate §s also a
transparent polymer, but exhibits considerably more ductility than
PMMA. Baseline fatigue crack growth data have been collected for the
polycarbonate material and are given in Fig. 11. Note that stable
fatigue crack growth rates (da/dN) are obtained at AK levels of 3,000
psi-inl/2 for the polycarbonate, while as shown in Fig. 9, KIC for the

PMMA is on the order of 1000 psi-inllz. (Specific KI measurements will
c




will be performed for both the PMMA and polycarbonate test material,

along with stress/strain curves.

Polycarbonate crack coalescence tests are being conducted with
cracked hole tension specimens and with a surface cracked bend geometry.
Experiments have also been conducted with the notched bend specimens
shown in Fig. 10. The cracked hole tension specimen shown in Fig. 12
has been analyzed by several investigators [1,2,7,16], and K solutions
are well established for many flaw shapes. In addition, existing finite
element-alternating method computer codes [2,16] may be applied to
analyze new flaw shapes of interest to the current effort.

The flawed hole specimen is somewhat awkward for experimental work,
however, since grips must be glued to the specimen ends and the crack
plane viewed with a mirror. More significant, however, is the fact
that relatively large hole sizes are employed. Although this is not
a disadvantage for coalescence tests with "large" cracks, where large
sta. ter flaws can be employed, the specimen is not as suited to small
crack studies. Since the hole radius is farily large, natural flaws
would not be expected to initiate in the same plane, and the coales-
cence study would be complicated by out of plane cracks. (see Figure
13) Although it will eventually be necessary to study the influence
of out-of-planeness on crack coalescence, it appears preferable to
initially study flaws which grow and coalesce in the same (or nearly
same) plane.

In order to employ a notch geometry with a smaller radius of
curvature, and, thus, confine crack initiation and growth to the
same plane, the V-notch and keyhole specimens shown in Fig. 10 were

examined. Both specimens were subjected to four-point bending to

B . ..
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simplify load application and viewing of the crack plane. All of

these specimens have worked well for experimental studies on the
initiation of small fatigue cracks. Unfortunately, however, the notch
tip stresses significantly complicate analysis of the experimental
results.

Current work has focused on an unnotched bend specimen. Small
starter slots are placed adjacent to each other in the desired location
on the tension surface of a beam with a rectangular cross section. The
specimen is annealed to remove residual stresses introduced by the
preflaws, and the specimens are cycled in four-point bending. Small
fatigue cracks develop around the preflaws, and grow, eventually coal-
escing into a single surface or corner crack. The Newman and Raju
stress intensity factor solution for single surface cracks loaded in
bending [17] will be modified with the crack interaction factor as
before, and incorporated in the life prediction scheme to predict
specimen life.

In summary, then, work on this task will concentrate on conducting
more crack coalescence tests with polycarbonate and, perhaps, PMMA
specimens. Multiply cracked hole specimens will yield data on coal-
escence of fairly large flaws. It is planned to look at nonsymmetric
corner cracks, and surface/corner crack combinations which have not
been studied to date. This specimen closely matches the boundary
conditions assumed in the current analysis scheme (Task I), and is quite
suited for crack coalescence studies. Initiation and coalescence
studies with smaller fatigue cracks will employ the bend specimen.

Both polycarbonate, and, perhaps, few PMMA tests will be conducted.
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As mentioned previously, this specimen yields small, natural cracks,
which lie in nearly the same plane.

Although the original proposal suggested a small pilot study with
metal specimens, it is not believed that these tests are necessary now,
in view of the excellent results which have been obtained with the
Waspalloy (Figs. 18 to 23 in Ref. 12) and Titanium (Figs. 4 to 8 in
this document) specimens tested by Thakker [14]. It is felt more
appropriate to concentrate on further tests with PMMA and polycarbonate
specimens, where crack shapes and sizes are more accurately measured,
rather than diluting the effort on a small scale program with metal

specimens.

3.4 Task IV Plans - Characterization of Small Cracks

The goal here is to characterize the growth of very small fatigue
crack sizes to determine if they grow differently than large flaws.
Efforts will focus on the growth of single cracks (or widely separated
multiple flaws) so that small crack behavior can be separated from
coalescence phenomena. Since the cracks must have small physical
dimensions, they will be initiated "naturally" at local stress con-
centrations. It is important that the starter notches have well
defined dimensions, so that the local stress level can be determined
and appropriate crack parameters computed. Initially, for example,
crack growth rates will be correlated with the cyclic stress intensity
factor.

Currently the crack photographs are analyzed by projecting the
35 mm negatives onto a screen and measuring the enlarged image (approxi-

mately 30 x) to the nearest mm. Since this method is somewhat crude
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and cumbersome, a film positioner has been built to measure the film
'l strips under a microscope. The film holder consists of two miciometer -

positioners mounted perpendicular to each other. The micrometer heads

are calibrated in 0.0001 in. increments, allowing x-y coordinates to
0 be located by cross hairs in the microscope and measured quite accurately

on the film strip. Steps have been taken to further automate the film

N reader with electrical readout to display crack lengths automatically
;_ in digital form, and, perhaps, be recorded directly for computer analysis.
It is felt the new film reader will significantly improve accuracy and
reduce the effort required to measure the crack lengths. '
- In summary, this task will focus on measuring crack growth rates -
for small flaw sizes in both polycarbonate and PMMA specimens. Stress
intensity factors will continue to be used to characterize crack
| behavior, unless the results indicate LEFM is no longer valid. In -
that case, an alternate crack tip parameter, such as a strain intensity ;;i
> factor or the J integral, may be examined. If necessary, the multicrack
u growth and coalescence prediction scheme will then be modified to "f

incorporate the new crack growth characterization term.
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4.0

4.1

PROFESSIONAL PERSONNEL, PUBLICATIONS, AND PRESENTATIONS

Personnel

A.F. Grandt, Jr. served as principal investigator for the research

effort. He was assisted by the following graduate research assistants

during the reported phase of the research.

4.2

T. McComb Mr. McComb is currently pursuing a M.S. program in the

School of Aeronautics and Astronautics. It is expected that
a portion of his research will be submitted as a M.S. Thesis.

R. Perez Mr. Perez completed requirements for the Master of
Science Degree in Aeronautics and Astronautics in August of
19833 with the Thesis entitled "Cyclic Growth and Coalescence
of Multiple Fatigue Cracks Located at Notches." He is
currently pursuing a Ph.D. at Purdue under a university fellow-
ship, and continues to conduct research related to the AFQOSR
grant goals.

J.E. Pope Mr. Pope is currently pursuing a Ph.D. program in
Aeronautics and Astronautics.

D.E. Tritsch, a Teaching Assistant supported by other School of
Aeronautics and Astronautics Department funds, worked on a
Masters Thesis which supports the goals of this research
grant. This thesis was completed in August of 1983 and is

entitled "Prediction of Fatigue Crack Lives and Shapes."

Publications and Presentations

The following papers have been published or presented.

B.J. Heath and A.F. Grandt, Jr., "Stress Intensity Factors for
Coalescing and Single Corner Flaws Along a Hole Bore in a Plate,"
Engineering Fracture Mechanics, Vol. 19, No. 4, 1984, pp. 665-673,
(copy included in Appendix)




B.J. Heath, Stress Intensity Factors for Coalescing and Single
Corner Flaws Along a Hole Bore in a Plate," M.S. Thesis, Purdue
University, May 1983.

R. Perez and A.F. Grandt, Jr., "Coalescence of Multiple Fatigue
Cracks at a Notch,” Proceedings of the American Society of
Civil Engineers Engineering Mechanics Division Speciality
Conference, Purdue University, May 1983. Paper presented 24
May 1983. (copy included in Appendix)

R. Perez, "Cyclic Growth and Coalescence of Multiple Fatigue
Cracks Located at Notches," M.S. Thesis, Purdue University,
August 1983.

D.E. Tritsch, "Fatigue Crack Size and Shape Predictions," M.S.
Thesis, Purdue University, August 1983.

A.f. Grandt, "Coalescence of Multiple Cracks at Holes," work
in progress presentation to ASTM Task Group, Pittsburg, PA,
November 1983.

The following reports have been submitted or are in preparation.

A.F. Grandt, Jr., R. Perez, and D.E. Tritsch, “Cyclic Growth
and Coalescence of Multiple Fatigue Cracks," accepted for
presentation and publication in the Proceedings of the Sixth
International Conference on Fracture, New Delhi, India,
December 1984. (copy included in Appendix).

A.F. Grandt, Jr., A. Thakker, and D.E. Tritsch, "An Experimental
and Numerical Investigation of the Growth and Coalescence of
Multiple Fatigue Cracks at Notches," accepted for presentation
at the ASTM Seventeenth National Symposium on Fracture Mechanics,
Albany, New York, August 1984. Manuscript to be submitted for
publication in ASTM STP devoted to conference proceedings.
(Extended Abstract included in Appendix).
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Figure 3 Drawing of test specimen showing specimen dimensions
and location of two semicircular edge notches. )
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Figure 8 Comparison of total crack growth life predicted by current
model with results of crack coalescence experiments
conducted by Thakker with Waspalloy and Titanium test specimens.
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Figure 10 Schematic drawing of semiciruclar, V-notch, and keyhole
specimens showing 4-point bend loading and placement of
viewing camera (not to scale).
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Figure 13 Schematic representation of multiple out of plane cracks
forming along the bore of an open hole.
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- STRESS INTENSITY FACTORS FOR COALESCING
AND SINGLE CORNER FLAWS ALONG

[‘ A HOLE BORE IN A PLATE
- B.J. HEATH and A. F. GRANDT, Jr,
t Schoo! of Acronautics and Astionautics, Purdue University, W. Lafayette, IN 47907, U.S.A.

Abstract—The objective of this paper is to describe the eflects of crack interaction on stress intensity
factors for two symmetric coplanar corner flaws located along a hole bore. This numerical analysis
employes the Finite Element-Alternating Method to determine Made 1 stiess intensity factors for single
and coalescing corner flaws. Using single flaw stress intensity factors as a reference, analysis of crack size
and shape eflects on K, for coalescing cornes flaws indicates the siress intensity factor for crack points
along the hole bore increases as the crack tip separation distance decreases. Interaction effects are not
experienced by hole hore crach points when the crach tip separation distance is equal to or greater than half of
the largest corner flaw dimension.

INTRODUCTION

NaTURALLY occurring fatigue cracks frequently initiate at several independent points along the bore of
fastener holes. These individual flaws then grow and coalesce into a single dominant crack which
controls final fracture. Prediction of this coalescence phase of crack growth requires stress intensity
factor solutions for the individual cracks prior to their “link up™ into a single flaw.

It is known that the stress intensity factor for a crack tip is influenced by the close proximity of an
adjacent crack tip[1-4]. Crack inferaction eflects on Mode I stress intensity factors (K,) have been
studied by several authors [1-4). Various 2-dimensional K, solutions exist for interaction of coplanar
through-the-thickness cracks(3,4]). Kamei and Yokoburi{3], present a 2-dimensional stress intensity
factor solution for two asymmetric through-the-thickness cracks in an infinite sheet, while Benthem and
Koiter [4] give a 2-dimensional K, solution for two symmetric edge cracks. Murakami and Nemat-
Nassar {1] present an approximate 3-dimensional K, solution, obtained by the Body Force Method, for
coplanar surface flaws in an unbounded solid. None of these solutions, however, consider coalescence of
coplanar flaws located along the bore of a hole in a finite thickness plate. Since multiple fastener hole
cracks often occur in service [5, 6], the present paper examines crack coalescence along a hole bore.

The objective of this paper is to describe stress intensity factor results for two adjacent cracks
Jocated along the bore of a hole in a finite thickness plate. Figure 1 shows typical plate cross sections for
the symmetric and single crack configurations considered. Here a is the crack dimension measured along
the hole bore; ¢ is measured along the free surface: T is the plate thickness and D is the hole diameter.
The plate is loaded with a remole stress o applied perpendicular to the crack plane. The Finite

Symmetric Corner Crack
Configuration

—— 3 - ——
; ‘/ a
) T
- __kL“f...?h S |
- D -

Single Corner Crack
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_._=Db-~-
{ | !
|
. r T
(. _ S:i27e '
-C-

Fig. 1. Schemaztic drawing of crach plane showing location of single and symmetric coiner cracks located at
bore of hole.
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Floaent Alternsting Mothod (FEAM) [7- 13)is uao d to compute Ky for s mmetiic (coalescing) and single
cornur cracks alorg the hole bore.

Results are given in both tebular and graphical form for crack sizes in the tange 0.25 < a/T <0.5 for
crack shapes ale= 111, 1.5, 2.0 and 3.0. (As described in earlier work [7]), rumerical programming
difficultics prevent analysis of quarter circular cracks, afc = 1.0, with the present computer codes.)
Crack shape and size effects on K; variation around the crack perimeter are prescnted for coalescing
corner flaws. Two and 3-dimensional sticss intensity factor solutjons for other coalescing crack
configurations are compared with the stress intensity factors gencrated for the corner cracked hole
geometry.

NUMERICAL APPROACH

Stress intensity factors for coalescencing cracks along a hole bore arc obtained by the Finite
Element-Alternating Method (FEAM). The present parametric stvdy makes use of computer codes
developed by Smith and Kullgren[7]. The original codes were modificd here to treat the coalescing crack
problem.

The FLAM calculates K; based on approximate surface crack bourdary conditions. An iterative
superposition of two solutions, one a 3-D finite element solution for an uncracked body under prescribed
surface loadings, and the second a stress solution for a flat elliptical crack in an infinite body with
nonuniform prescribed surface pressure, produce these approximate surface flaw boundary conditions.
Farlier applications of the FEAM to various other cracked hole problems are described in Refs [8-12).

The crack coalescence problem studied here requires modification of the finite element mesh and the
elliptical crack stress solution of [7) to produce the symmetric crack finite element model used in
conjunction with the coalescence option of the FEAM computer code.

Single crack model

The single crack model is a semi-circular plate with a hole. As in Fig. 2, this model has a hole radius
R. In order to minimize boundary effects in the region of the crack, the same outer plate radius of 12 R
(R = hole radius) used by Smith and Kullgren [7] is used. The single crack model employs 112 20-Node
isoparametric finite eleinents. The hole diameter to thickness ratio (DfT) is 0.5. The modulus of rigidity
for the plate is G = 12X 10° psi with a Poisson’s ratio of v = 0.3.

Symmetric crack model

Symmetric interacting cracks were studied by imposing a line of symmetry along the x = 0.5 face of
the original FEAM model with DfT = 1.0 as shown in Fig. 2. The hole radius, outer radius, and element
number are equivalent to the single crack model. In order to account for the line of symmetry, the
symmetric crack model has a D/T = 1.0 rather than D/T = 0.5 for the single crack. As shown in Fig. 3,
the plane of symmetry imposed along the front surface of the plate, however, effectively doubles the

ORIGINAL FE-AM SINGLE CRACK

MODEL MODEL
-0 -—

—- o p- ;aAcx_gpnrAcc/—f\" 1
b — - -_]»..774._—?“——.1.0 T=20}—~ ——- - . Y

( - _L ot
X !
FRONT SURFACE x
z 2
I ~--12R t

- — ._.Y

indh 4

Fig. 2. Geometric models employed for uncracked solution in FEAM iterative algotithm. The half ring
geometries shown were modeled by 112 3-dimensional finite el nents.
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symmetric crack model plate thickness. Thus, the symmetric crack model DT equals that of the single
crack model (D/T - 0.5). Figure 3 shows how an infinite plate with two symmetric cracks along the hole
bore is simulated when a corner flaw is applied to the FEAM symmctric crack model.

DISCUSSION OF RESULTS

Stress intensity factors were generated for crack shapes alc = 1.11, 1.5, 2.0 and 3.0 by the FEAM
analysis. Fach crack varied in size from 0.25 < a/T <0.5. The stress intensity factors for the corner
flaw configurations considered are listed in Tables 1 and 2. Table 1 lists the stress intensity factor
variation for the single crack in 15 degree increments of the clliptic angle ¢ dcfined in Fig. 1. Stress
intensity factor results for the symmetric crack configuration are listed in Table 2.

These 1esults provide a parametric study of size and shape effects on the stress intensity factor
variation around the crack pcrimeter. For a single corner crack with ale = 1.11, Fig. 4 shows the
variation of the dimensionless stress intensity factor (K,Ja\/D) vs normalized elliptic angle (¢/é,..,) as
the crack size (a/T) increases. Note that &, -~ 90 dcpiees. Figure § shows the variation of K,lo/D
over the same a/T range for two symmetric cracks with the same alc = 1.11,

Recalling that ¢ = 907 corresponds to the hole bore crack location, notice the increased magnitude of

Table 1. Dimensionless stress intensity factors for single corner crach at open hole in a large plate lnaded in rcmote
tension Results piven as a function of crack shape alc. crack size @!T. and position alonp crach perimeter defined by
patametric anple & (& = 0" at front curface and & - 90° a1 hole bure)

s/c a1 lllcm- 7]
«-0 15 30° | as*| eoc| 2| o900
wnfzsoo| 10se | 137 1032 | vais| 1373 1583 1.66s
3000 v.238 | 1| ez v.2se | van o ve3s] 1.8
300 | v.299 | v.2ss| v1.23a ] v.308| 1.e83] 1692 ) 1.am
.e000 | 1.388 | 1.3 | vr.ems | v.aes | vse2 | v vem
500 | 1.479 | v.eos| 1347 ] v.308] v.e7 | 1.79e ] 1.952
420 | 1.e96 | v.e26 | v.an | r.az2| 1892 ] r.e13 ] 1,968
4875 | 1.519 | 1400 1.378| 1.428| v.607 ] 1.840 ] 2.007
49381 1.540 | 1.456]| 1.388( 1.433 ) 1.610 ] 1.844 | 2.01
t.s [.zs00| 1.988 | vove2| v1.202] 1.260] 1.360 | 1457 V.5
3000 | 1.270 | v.2s0| v.237f v.292 | v.a09 | 1.838 | 1.607
500 | 1312 | v.293| v.zze | 1,337 r.es0 | 1.591 | V.67
4000 | 1.39¢ | 1.3s3) v.3ze | v.3es ] 1.s23 ) r.ere | 100
4500 | v.a48 | v.s00| v.ozez | v.ani | v.saa ] vieos | 1,799
4750 | 1482 § o 1.428| 1.383 | 1.427 ) v | vmz | r.ae
A8, 1.519 | v.as2 | v.3es | 1437 | v.ere | 1,740 ] 1ese
4938 | 1.5m 1.660 ] 1399 | 1,230 | 1s22 | 1203 1063
2.0 1.2s09) 150 | v.z200] 1.2¢7] 1302 | 1,389 | 1387 | 1.3
3020 ) 1.268 | v.z7e| v.2es | v.330] v.392 | 1.637 ] 1.258
00 v3e Loamsl vms | vaes e 1 | 1oe
a0 ] v.eoo | voarz| voasy [ v.c00] v.eos | 1573 1623
4500 | 1.435 | 1.a0| v.oaes | 1.632) 1.532 ] 1.996 | 1.6
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Fig 4. Dimensonless stress intensity factor teults for single crack as function of dimensionless parametric
angle ¢'dnan(d = Sma = W @l hale boted and crach size 6! T for crach shape ofe = 111,
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Fig. 5. Dimensionless stress intensity factors for symmetric double crach problem as function of dimen-
sionless parametric angle ¢/ému (@ = Gmas = 90° 2t hole bore) and crack size a/T for flaw shape alc = 1.11.
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Ko/ D along the hole bore for the symmetric configuration compared to the same location for the
single flaw as the crack size is increased. Using the single flaw K fav/D as a 1cfesence, the influence of
alT on KJoy/D for particular flaw points on the symmetiic model crack perimeter is shown in Figs.
6-8. For small crack sizes (0.25 = a/T <0.3) shown in Figs. 6 8, the single and coalescing configurations
differ by a maximum of 47. However, Figs. 6 and 7 show a significant increase in the symmelric crack
KilovD as compared to the single flaw Ko/ D when the crack size approaches coalescence
(alT = 0.5). :

Following Murakami [1), a crack interaction factor vy is defined as the ratio of the stress intensity
factor for two cracks 1o the stress intensity factor for a single crack. Kamei and Yokoburi [3] have given
2-dimensional stress intensity factor solutions for two asymmetrical through-the-thickness cracks in an
infinite elastic sheet. By equating the crack lengths as shown in Fig. 9(a), and normalizing the crack tip
stress intensity factor expression by ov/=a, the interaction factor y for two symmetric through-the-
thickness cracks is obtained. The Benthem and Koiter [4] 2-dimensional stress intensity factor solution
for two symmetric edge cracks (sce Fig. 9b) may be used to compute the edge crack interaction factor
shown in Fig. 10. Here, the double edge-crack solution was divided by the stress intensity factor given
by Harris [14] for a single edge-cracked shect which doesn’t bend.

R/C=1.11 PHI=MS

3.5¢ —_—
T
noo)e ]
f —- v
L N - S|
=0z
g i Il - 1
o I ':}_)': A
~ ~e-
¥ a4}
1.7 symme'ri(:\_Q o
S 8 8 ® ©O0
1.1r /
single
.5 1 1 1 1 —
.25 ) 35 M0 R .50

alT

Fig. 7. Comparison of dimensionless stress intensity factors for single and symmetric cracks with aspect
ratio afc = 1.1 at crack perimeter location ¢ = 45°.
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Three-dimensional crack point interaction factors for symmetric semi-circular surface flaws (Fig. 9¢) " q
arc presented by Murakami and Nemat-Nassar in Ref. [1]. These coplanar flaws exist in an unbounded T-t
solid. The present FEAM results were uscd to compute 3-dimensional interaction factors for symmetric v RN
corner cracks along a hole bore (Fig. 9d). Figure 10 compares these 2- and 3-dimensional crack tip interaction ..

factors as a function of dimensionless crack separation distance (t,,/a). The through-the-thickness
intcraction factor of Kamei [3] represents the limiting valuve of two interacting surface cracks, while the
Bcathem and Koiter [4) edge-crack factor serves as a limiting value for the present study of interacting L
coiner cracks. Due 10 2 numerical instability in the FEAM code, values of crack intcraction factors at
coalescence (t,,[a = 0) are not obiainable.

Notice the close proximity of the present FEAM results for corner cracked holes 1o the Murakami [1)
intcraction factor for surface cracks. As the crack scparation t,., exceeds approximately half of the
crack length dimension a, (t,.,fa = 0.5), the FEAM crack interaction factor stabilize at unity, indicating ’
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that the crack tip located along the hole bore is no longer influenced by the adjacent crack. For a given
t,../a, the maximum difference in all hole bore interaction factors presented in Fig. 10 is 10.7%. Figure 10
indicates that crack size (a/T) dominates the increase in K, due to crack interaction at the hole bore,
while crack shape (a/c) has only a slight influence. The effect of crack shape on the hole bore interaction
factors is shown on an expanded scale in Fig. 11.

Figure 12 presents the interaction factor at the plate surface (¢ = 0). The factors decrease slightly
below unity in the range of 0 < (1,,,/a) =0.5. Figure 12 further indicates thzt the crack is free of influence
from the adjacent crack when the hole bore separation distance is greater than half the crack length a.
As the separation distance decreases, the decrease in K| at the plate surface is considerably less than the
increase in K; at the hole bore location (see Fig. 10). Thus, the effect of crack coalescence is fairly
localized, serving to increase K, for crack points in the vicinity of the hole bore. The free surface K,,
however, is only slightly affected as crack separation approaches zero. Table 3 lists the hole bore and
free surface interaction factors for all aspect ratios considered. The decrease in K for the double
cracked case may be caused by elimination of through-the-thickness bending for the symmetric crack
configuration.

SUMMARY AND CONCLUSIONS

Several conclusions can be made about stress intensity factors for two symmetric coalescing corner
cracks. First, as two symmelric corner cracks approach coalescence (a/ T = 0.5), the greatest increase in
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Fig. 11. Summary of the effect of crack spacing t.;/a and crack shape alc on stress intensity factor
interaction at hole bore crack location (¢ = 90°).
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Table 3. Dimensionless interaction factor, v, defined as ratio of stiess intensity factor for symmetric double crach
geometry divided by single corner crack result. Interaction factors given at hole bore (¢ = 90" and free surface
(¢ = 0°) locations as functions of dimensionless separation along hole bore (1.5/a) and crach shape alc

INTERACTION FACTORS vy

HOLE BORE (¢ = 90°) FREE SURFACE (¢ = 0°)

ale wm 1. 1 2.0 3.0 . 1.5 2.0 3.0

tsep/' .025) 1.352) 1.312)1.278] 1.228){ .894 | .93 .957 .988
05V 12161 1.169)0v.136 ) 1.092 || .B98 | .932 .956 .988
L1051 1,143 1.307]1.084} v.053 )| 902 | .934 .958 .987
.2221 1.0791 1.062}1v.051]1.035( .912 | .937 .965 .987

.500 .996 L9871 .986] .982( .919 | .948 .964 .990
.857 .983 9821 .987( .995)| .932 | .967 .979 (1.009
1.333 .952 L9551 .9581 .9631 .957 | .974 .999 {1.020
2.000 .958 .964| .979| .980{| .969 | .989 | 1.033 [1.08)

stress intensity factor occurs at the crack point along the hole bore. The crack point at the free surface
does not experience a significant stress intensity factor increase, but shows a slight decrease in K; as the
crack tips approach along the hole bore.

For crack points along the hole bore, crack interaction (stress intensity factor increase) does not
occur until the crack separation distance is equal to or less than half of the crack length a. The localized
cffect of coalescence is found to depend strongly on crack size (a/T) and only weakly on crack shape
(alc). The crack shape dependence indicates that the deeper cracks (smaller afc ratios) have a slightly
larger K (maximum 10.7% difference) at the hole bore location than more shallow flaws (larger afc) with
the same crack length a.
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Coalescence of Multiple Fatiqgue Cracks at a Notch

R. Perez* and A.F. Crandt, Jr. **

This paper describes exverimental results from fatioue tests con- —
ducted with semicircular notched polymer specimens which contained two T
cracks as shown schematicallv in Fia. 1. The two corner cracks were :
located at opposite sides of the semicircular notch, with the left 2]
crack defined by the lengths a, and c,, and the right crack by dimen- ey

sions a_ and c_ as shown in Fig.1b. "In the same figure, d represents ijf
the crafk sepaFation.

j

| |
D:] F h—%-R j_

CAMERA L

a. Four-Point Bend Specimen

r T ~
e *—] .
L1 - 1] -
T 77 K -
l c‘t‘mcm CRACK 2 _T T
]
b

. Corner crack dimensions before coalescence oo

fig. 1 Specimen geometry showing location of the camera and
schematic views of the crack plane.

Five experiments were completed and represented cases of symmetric, -
nonsymmetric, in plane and out of plane cracks. In each test, the pre-
cracked specimen was subjected to cyclic bending and subsequent crack
grovwth photographed through the ends of the transparent specimen. As
the fatigue cracks grew the snacing d decreased to zero and the two
separate cracks coalesced into a single flaw with the cusped shape
shown in Fig. 1c. Projected images of the crack photographs were

*Research Assistant and **Associate Professor, School of Aeronautics
and Astronautics, Purdue University, W. Lafayette, Indiana 47907

Perez and Grandt




enlarged, measured, and scaled to actual size and the data recorded in
graphical form. Figs. 2 and 3 illustrate two representative graphs.
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c. Crack dimensions after coalescence

Fig. 1{(Cont.) Specimen geometry showing location of the camera
and schematic views of the crack plane.
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Fig. 2 Crack growth before coalescence as a function of elapsed
cycles for symmetric out of plane crack test T-5.
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Fig. 3 Crack growth after encounter and coalescence as a function
of elapsed cycles for nonsymmetric out-of-plane crack
test T-4.

It was observed that interaction effects between cracks were more
pronounced at the crack bore dimension (a) than at the crack surface
dimension (c). Interaction was characterized by an increased rate of
growth of the bore crack length as shown in Fig. 4. This figure was
obiained by shifting the crack growth curve for the small crack horizon-
taily until both cracks had equal initial sizes. In a study of stress
intensity factors for interacting surface cracks Murakami and Nemat-
Nacser [1] point out that if the distance between the centers of two
semielliptical cracks is greater than the addition of the length of the
smaller crack and half the length of the larger, then the cracks will
not influence each other. Although this criterion for crack interac-
tion involves surface flaws in plates, it was applied successfully in
thic study of interacting cormer cracks along a notch.

Out of plane cracks grew past each other without linkup, and flaw
grow:th along the notch stopped. Crack growth perpendicular to the
notch and into the specimen interior continued so that a flat crack
front formed in this direction. The crack tips at the hole bore even-
tually curved into each other and coalescence occurred. In plane
cracks simply coalesced to form a through-the-thickness crack.

After the cracks grew past each other in the out of plane crack
tests, the cusp dimension h grew very fast initially, but later slowed
down when a uniform flaw developed. Similar, but less pronounced, cusp
behavior was observed in the in plane crack test.

3 Perez and Grandt
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CYCLIC GROUTH AND CCALESCERCE OF . -
MULTIPLE FATIGUE CRACKS

A.F. Grandt, Jr.*, R. Perez** and D.E. Tritsch**

*professor and **Graduate Assistant,
School of Aeronautics and Astronautics,
Purdue liniversity
West Lafayette, Indiana 47907 U.S.A.

ABSTRACT

This paper describes an analysis scheme for predicting the fatigue life of
components which contain multiple cracks. Fractiure mechanics techniques
are used to predict the initial growth and coalescence of two or more cracks
located along the bore of a hole. The results of experiments with multiply
cracked specimens are described and are compared with crack growth predic-
tions obtained by the analysis method.

- KEYWORDS

Fatigue cracks, craék coalescence, fatigue 1ife predictions

INTRODUCTION

Fatigque cracks frequently initiate simultaneously near stress concentrations
formed by notches. These cracks may grow independently for a period, and
then, depending on their initial spacing, may join into a single dominant
crack which causes eventual failure. - The objective of this paper is to
describe an experimental and numerical program directed at predicting the
growth and coalescence of multiple fatigue cracks located at holes in

plates.

The particular geometries of interest are shown in Fig. 1. Here 2r is the
diameter of an open hole in a plate of thickness 2t. Initial surface and
corner flaws, which are described by portions of ellipses with semi-axis

"~ dimensions a and ¢, are located along the bore of the hole. In the present

work, the two separate cracks are assumed to be coplanar, and a remote
tensile stress is applied perpendicular to the crack plane. Various combi-
‘nations of surface and corner cracks are considered. The next section
presents a 1ife prediction scheme for calculating the time required for the

,initial flaws to grow together, coalesce into a single crack, and extend

to final failure. The following section then describes experiments with
multiply cracked specimens conducted to evaluate the numerical analysis.
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NUMERICAL ANALYSIS

The goal here is to describe an approach for predicting the initial growth
and eventual coalescence of separate cracks located along the bore of a hole.
The geometries of interest are summarized in Fig. 1. The semi-axis dimension
along the hole bore is given by a, while the crack depth is specified by c.
Subscripts 1 and 2 refer to cracks 1 and 2 respectively. Crack tip locations
are defined by points 1 thru 6 as shown in Fig. 1.

‘'hen subjected to an applied stress, cracks 1 and 2 will grow. Let the fati-
gue crack growth rates for crack tips 1, 2, ..., 6 be d1/dN, d2/dN, ...,
d6/dN. Note that, in general, these crack growth rates will have different
values. The crack growth increments for a specified number of cycles aN of
loading are, however, related. Assume, for example, that the depth c2 of
crack 2 extends a small amount A5 during the interval aN. Now, aN is given
by Eq. 1.

A5 '
g (1)
dN

aN

The growth ai of crack tip i is given by

C_di . di o5
Al =g - oN = gp * 35 (2)
- dN

vhere i takes the values 1 to 6 as appropriate.

Now, if the cyclic stress intensity factors aKi are known at crack tips 1,
2, ..., b, the conventional fracture mechanics approach may be used to
compute the corresponding fatigue crack growth rates (at the various crack
positions) from Eq. 3.

g-% = F(aKi) | (3)

" Here di/dN is the crack growth rate at location i and F (2Ki) is the appro-
priate fatigue crack growth model for the material of interest.

Stress intensity factors for the multi-cracked holes were obtained in the
following manner. First, the Newman and Raju (1981) solutions for single
surface or corner cracks located at holes were used to compute K at crack
tip locations 1 thru 6. Newman and Raju (1981) have fit empirical equations
to earlier finite element results obtained for the single crack geometries.
Their empirical solutions are readily coded for computer use, and provide
an effective means for interpolating between the original finite element
results obtained for discrete crack shapes. : :

The effect of the adjacent flaw was accounted for by an "interaction factor®
obtained previously by Heath and Grandt (1984). 1In that work, the

. three-dimensional finite element- alternating method was used to compute
stress intensity factors for symmetric corner cracks located on opposite
sides the plate thickness (the symmetric version of Fig. 1c). The double
crack K was then divided by the corresponding result for a single flaw to
obtain the dimensionless interaction factor y given in Fig. 2. Here the
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increase in K at the point where the corner crack intersects the hole bore
(Yocations 3 and 4 in Fig. Ic) is aiven as a function of dimensionless crack
spacing ts/a and crack shape a/c. MNote in Fig. 2 that as the cracks approach
coalescence (ts/a<0.3), K is increased significantly along the hole bore.
In addition, flaw shape has a relatively minor effect on the increase in K.
Since, Heath and Grandt shoved that the stress intensity factor at free sur-
Tace locations 2 and 5 is relatively unaffected by the approaching crack,

no interaction was considered at those points, and the single crack Newman-
Raju (1981) solutions were used to compute K there.

Thus, Equations 1 through 3 were solved in an iterative manner which allows
the cracks to grow naturally. When the crack tips 3 and 4 touch, a single
corner, surface, or through-the thickness flaw was assumed as appropriate,
and the corresponding single crack K solution used to continue the analysis.
Other possible combinations, such as penetration of surface crack locations

1 or 6 through a free surface to form corner flaws were also considered in
the algorithm. Additional details are given by Tritsch (1983). Sample
calculations obtained by this multi-degree-of-freedom analysis are compared
with experimental results in the following section.

EXPERINENTAL PROCFDURE

This section describes a set of experiments conducted with multi-cracked
holes to provide initial evcluation of the predictive scheme. The double
corner crack geonelry given in Fig. lc was considered here.

Test specimens were machined from a single sheet of polymethylmethacrylate
(pteia), a transparent polyner. The specimens were 25.4 cm (10.0 in.) long,
8.9 cm (3.5 in.) wide, 1.9 cm (0.75 in.) thick, and contained a central

0.95 cm (0.375 in.) diameter hole. The specimens were annealed to relieve
possible residual stresses, and the ends were polished to transparency.
Small notches were cut with a razor blade along the hole bore (on opposite
sides of the plate thickness) to provide crack initiation sites. The speci-
mens were then precracked in cyclic bending until fatigue cracks had
completely surrounded the pre-notches.

fFollowing precracking, grips were bonded to the ends of the specimens and
a constant amplitude tensile load was applied at 2 Hz with a closed loop
electrohydraulic fatigue .;achine. Strain gages were mounted to the front
and back sides of the specimens to verify that uniform tension was applied
without bending. A cutout in one end. of the grips allowed a mirror to be
placed at an angle over the transparent specimen end and provided optical
access to the crack plane. Crack growth was recorded with a 35 mm camera,
and the film strips measured to give crack dimensions as a function of
applied load cycles. Additional experimental cetails are given by

Perez (1933).

Fatigue crack growth curves for two specimens are given in Figs. 3 and 4.
Here the experimental measurements are given by the data points defined in
the legends on Figs. 3 and 4. MNMeasurements are given for the four crack

_dimensions al and c1 (crack-1) and a2 and c2 (crack 2) prior to coalescence.

Following 1ink up, the surface dimensions cl and c2 of the through-the-
thickness flaw are also given.

The solid and dashed 1ines in Figs. 3 and 4 are predictions obtained by the
numerical scheme discussed in the last section. Baseline fatigue crack
growth data (da/dN versus 2K) were obtained with additional through-cracked

-
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specimens obtained from the same sheet of FINIA and loaded at the same cyclic
frequency. A simple power law was used to fit these baseline data and
provided the crack growth model used for Fq. 3. Care was taken not to
extrapolale the fatligue crack growth law for the baseline data beyond its
1imits of validity. :

Note that the predictions of Figs. 3 and 4 generally agree quite well with
the experimental data. In both cases, coalescence occurred slightly before
the prediction, but actual fracture occurred shortly following the analysis.
The latter result is nmore likely due to conservatism in the analysis scheme
resulting from the fact that transition to a uniform through-the-thickness
flaw was assumed to occur inamediately following coalescence (joining of
points 3 and 4). In actuality, a short period of time was required for the
joined cracks to grow into a uniform front. More detailed measurements of
the transition crack growth are given by Perez (1983).

CONCI UDING RENMARKS

The objective of this paper has bcen to describe a procedure for predicting
the 1ives of components which contain two or nore adjacent cracks. A multi-
degree of freedon nodel has been described for computing the initial growth,
coalescence, and final extension of corner and surface cracks located along
the bLore of a hole in an open plate. Experiments described here with corner
cracked holes in transparent polymer specimens gave excellent agreement with
the predictive model. Similar predictions have been made by the authors for
experiments in more conventional structural metals, and also show good
agreenent between experiment and analysis. (It is planned to describe those
results in a separate paper.)

Although; the present model is limited to two initial cracks, the procedure
is readily extended to additional flaws. The stress intensity factor calcu-
Jations for interacting cracks, based on the single crack solutions given
by Newnan and Raju (1981) and modified by the crack interaction factor
obtained by Heath and Grandt for symmetric corner cracks, worked well for
the experiments which have been examined to date. It may be necessary to
develop alternate interaction factors for crack combinations which differ
greatly in size, as the Heath and Grandt result assumes symmetric flaws.

In addition, cracks which initiate in different planes may need to be
analyzed by an alternate procedure.
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AN EXPERIMENTAL AND NUMERICAL INVESTIGATION OF THE

GROWTH AND COALESCENCE OF MULTIPLE FATIGUE CRACKS AT NOTCHES

by

|
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" A. B. Thakker 2

D. E. Tritsch>
ABSTRACT

The objective of this paper is to describe results of an
experimental and numerical study concerned with predicting the
growth and coalescence of multiple fatigue cracks. Naturally
occuring fatigue cracks frequently initiate at multiple sites
near stress concentrations. Individual cracks then grow by
cyclic loading, until eventually two or more adjacent cracks link
up into a single, dominant flaw which grows to final failure.
Figure 1 shows schematic examples of various surface and corner
crack combinations located at the bore of a notch. The current
paper describes a life prediction scheme for computing the total

life of such muitiply cracked notches.

The fatigue crack growth algorithm is based on conventional
linear elastic fracture mechanics concepts. Stress intensity

factors are computed at various points along the crack tip (such
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on Fracture Mechanics, Albany, NY, August 1984.)
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as points 1 to 6 in Fig. la). The fatigue crack growth law for
the component material is then used to compute an increment of
crack growth at these flaw locations. The crack shape then
changes, and the procedure is repeated in an iterative fashion
until the flaws coalesce, penetrate a free surface, or cause
fracture. The cycles reduired for growth of the multiple cracks,
and the resulting single coalesced flaw, are summed as the itera-

tion proceeds to give total life.

The stress intensity factors are based on solutions by New-
man and Raju (1) for single surface and corner cracks located at
holes. These single crack results are then modified by an
“interaction factor" obtained from a stress intensity factor
solution for multiple corner cracks (2). In this manner, the
influence of the adjacent flaw on the stress intensity factor at
crack tip locations 3 and 4 is determined (see Fig. la). Once
crack tips 3 and 4 join, a single surface or corner crack is
assumed, and the appropriate K solution for the single flaw (1)
is employed. If the crack continues to grow, and becomes a
through-the-thickness flaw, then the appropriate through-crack K
solution is used. Additional modifications to consider semicir-

cular edge notches are described in the paper.

A set of experiments with multiply flawed specimens were
conducted to evaluate the multiple degree-of-freedom life predic-
tion analysis outlined above. Waspalloy and titanium specimens

were machined to the configuration shown in Fig. 2. Surface

cracks were initiated at small elox starter slots located along

-
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the bore of one of the semicircular edge notches. The specimens

were then cycled to failure under constant amplitude loading
applied perpendicular to the crack plane., The fracture surfaces
were periodically marked by heat tinting procedures (the test
temperature was briefly changed) so that the crack dimensions

could be determined following final specimen fracture.

Figure 3 compares experimental and numerical results for a
typical test. The open symbols are measures of crack dimensions
obtained by the heat tinting technique, while the solid lines
represent predictions by the numerical analysis. The results of
approximately one dozen tests are presented, and show that, in
general, the analysis scheme provides an excellent estimate for
the initial growth of the multiple cracks, their eventual coales-

cence into a single crack, and growth of the final flaw.
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Figure 1 Schematic of multiple cracks located along bore of a hole
in a large plate. Hole diameter is D, plate thickness is t,
and remote tensile stress is applied in z direction.
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Figure 2 Drawing of test specimen showing specimen dimensions
and location of two semicircular edge notches.
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